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With their unprecedented brilliance and temporal structure, X-ray free-electron laser can 
unveil atomic-scale details of ultrafast phenomena. Recent progress in split-and-delay 
optics (SDO), which produces two X-ray pulses with time-delays, offers bright prospects 
for observing dynamics at the atomic-scale. However, their insufficient pulse energy has 
limited its application either to phenomena with longer correlation length or to 
measurement with a fixed delay-time. Here we show that the combination of the SDO and 
self-seeding of X-rays increases the pulse energy and makes it possible to observe the 
atomic-scale dynamics in a timescale of picoseconds. We show that the speckle contrast in 
scattering from water depends on the delay-time as expected. Our results demonstrate the 
capability of measurement using the SDO with seeded X-rays for resolving the dynamics in 
temporal and spatial scales that are not accessible by other techniques, opening new 
opportunities for studying the atomic-level dynamics. 
 
 Since the observation of X-ray speckles using coherent X-rays,1 scientists have developed 
a speckle-based technique called X-ray Photon Correlation Spectroscopy (XPCS), where the 
temporal correlation of speckle patterns is used to extract dynamics of materials at specific 
correlation lengths.2–5 Earlier XPCS studies using synchrotron X-rays primarily focused on 
determining dynamics on relatively longer length-scales (> 10 nm).6–11 Only a few studies have 
recently been carried out at the atomic-scales although the timescale is limited to a relatively 
slow dynamics (> 10 s).12–14 Extending the timescale of XPCS to picoseconds, which are 
relevant to studying the atomic-level dynamics in matter such as liquid, has been challenging 
because of the insufficient intensity of coherent X-rays and the limited frame-rate of detectors 
(typically < 1 kHz). Meanwhile, recent progress in high-energy-resolution inelastic X-ray and 
 3 
neutron scattering has extended their accessible timescale and its applications.15,16 Nevertheless, 
their timescale and length-scale are not appropriate for probing the atomic-level dynamics in a 
wide timescale of picoseconds to nanoseconds due to the limitation in energy resolution and 
intensity. Accordingly, the atomic-level dynamics in liquids, particularly supercooled liquids, 
remains elusive. 
The advent of X-ray free electron lasers (XFELs),17,18 together with recent progress in 
split-and-delay optics (SDO),19,20 has raised the expectation for bridging the aforementioned gap 
by extending the timescale of XPCS to picoseconds.21 In this timescale, measuring the time-
correlation of each speckle is not practical because of the intrinsic limitation on the temporal 
resolution of X-ray detectors as well as the repetition rate of the XFELs. This limitation is 
overcome by a split-and-delay approach,21,22 which uses two X-ray pulses that are generated 
from a single XFEL pulse. The accessible timescale is determined by the ability to generate two 
pulses separated in time Δ𝑡. The contrast 𝛽(𝑄, Δ𝑡) at momentum transfer 𝑄 in the sum of speckle 
scattering patterns from a sequence of two separate X-ray pulses is analyzed to extract the 
information on dynamics by the Speckle Visibility Spectroscopy (SVS),23,24 utilizing the 
relationship between 𝛽(𝑄, Δ𝑡) and the intermediate scattering function, 𝑓(𝑄, Δ𝑡).20,22,25–27 
Recently SVS using X-ray pulses with variable pulse duration has been demonstrated for the 
femtoseconds dynamics in supercooled water without using SDOs,28 and accelerator-based 
double X-ray pulse generations29,30 are also accomplished; however, their pulse-duration or time-
delay is restricted either to a limited range of orders of femtosecond or to discrete steps of 
hundreds of picoseconds. Alternatively, in an SDO system, a single XFEL pulse is divided into 
two pulses by a beam splitter, and a delay-time between the pulses is controlled by their path 
length difference. Hard X-ray SDO systems have hitherto been developed,19,31–34 and a few 
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experimental results using the SDO have been reported.20,35 However, their application was still 
limited to a longer length-scale (> 1 nm) and the study of atomic-level dynamics at sub-nm scale 
using X-ray SVS with an SDO has not been reported because of the insufficient pulse energy of 
X-rays. 
 Here we report the first X-ray SVS result utilizing the SDO combined with the self-
seeded X-rays36 at SPring-8 Angstrom Compact free-electron Laser (SACLA).18 The self-
seeding of X-rays36–38 generates narrow-band X-rays and thus can provide higher X-ray intensity 
after passing through the SDOs. The increase in the X-ray pulse energy at the sample position 
enables the application of XSVS at high Q (> 1 Å−1), which is relevant to the study of atomic-
level dynamics.  
 
Results 
X-ray scattering of water using the SDO and seeded X-rays. The XSVS experiment was 
carried out using the setup shown in Fig. 1. A reflection self-seeding36 at a photon energy of 10 
keV was employed. Each X-ray pulse was then split into two sub-pulses using a wavefront-
division SDO, making use of Si(220) crystals.31 The delay-time Δt between the sub-pulses was 
controlled by the path length difference between the variable-delay branch and the fixed-delay 
branch. We changed Δt between 0 and 2 ps, although the accessible range of Δt is much longer.31 
The pulse energy of the variable-delay branch (𝐼!"#!) and the fixed-delay branch (𝐼$%&) were 
monitored by the beam intensity monitors.39 The exit beams were overlapped and focused to a 
size of 0.7 µm (H) and 0.9 µm (V) at the sample position with X-ray mirrors.40 
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 Figure 2a shows the histogram of X-ray pulse energy at the sample position, 𝐼'%' =𝐼!"#! + 𝐼$%&. The dashed line is a fit to the experimental data using a gamma density distribution 
function:41 
𝑃(𝐼'%') = - 𝑀〈𝐼'%'〉1( exp	(−𝑀𝐼'%'/〈𝐼'%'〉)𝐼'%'()*Γ(𝑀) , 
where Γ(𝑀) is the gamma function and 〈⋯ 〉 represents the average over shots. M is the number 
of modes. Our analysis yields 𝑀 = 2.24 with 〈𝐼'%'〉 = 7.7 µJ. The energy bandwidth of single-
shot self-seeded X-ray (~2 eV in FWHM) improved the throughput of the SDO system, 
compared to the case using only self-amplified spontaneous emission (SASE), where the 
averaged bandwidth is around 30 eV.31 This significant improvement facilitates the XSVS at 
high Q. The split ratio, 𝑅 = 𝐼$%& (𝐼$%& + 𝐼!"#!)⁄ , was distributed shot-by-shot, and 13% of the 
total events satisfy the condition of the ratio of 0.475 < 𝑅 < 0.525 (Fig. 2b). This distribution 
originated from shot-to-shot variations in the profile and position of the incident X-ray beam.	
 In our experiment, a continuous stream of water with a flow rate of 0.7 mL/min was 
irradiated by the X-rays. The diameter of the water stream was 50 µm, much larger than the 
variation in the beam position at the sample during the experiment, as shown in Fig. 2c. The 
scattering from the sample was recorded by three multi-port charge-coupled devices 
(MPCCDs)42 located 1 m downstream of the sample to cover Q-ranges shown in Fig. 3. The 
speckle size is estimated to be around 0.18 mm, which is larger than the pixel size of the 
MPCCDs, 50 µm.  
 Figure 3 shows a one-dimensional scattering intensity profile, which was averaged over 
29,051 shots, the averaged pulse energy of which was 7.3 µJ. A droplet algorithm43 was 
employed to convert raw data into the digitized X-ray photon images. The number of photons at 
each pixel per shot was 0.7 times the estimated value that was calculated using the result of high-
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energy X-ray diffraction.44 This discrepancy could originate from additional absorption by 
Kapton windows of the helium chambers and air along the path. The result shows that the 
observed X-ray intensities predominantly represent scattering from the water. 
 
Speckle contrast analysis. From the statistics of observed photons, the visibility of the X-ray 
speckle pattern at specific Q was calculated. Following the previous studies,20,27,28,35,43 we 
assume that the probability for observing k photons at a single-pixel is described by a negative 
binomial distribution with the average number of photons per pixel, 𝜇, when the number of 
scattered photons is low:41  
𝑃(𝑘|𝜇,𝑀+) = Γ(𝑘 +𝑀+)Γ(𝑀+)𝑘! - 𝑀+𝑀+ + 𝜇1, - 𝜇𝑀+ + 𝜇1(! . 
Here 𝑀+ is the number of modes in observed scattering images and is related to 𝛽 such that 𝛽 =1/𝑀+.20,22,43 By using the log-likelihood ratio statistic of this distribution, the value of 𝑀+ was 
determined as demonstrated in earlier studies20 as shown in Fig. 4. At Q = 2 Å−1, as the delay-
time increased, the visibility of speckle reduces, reflecting the dynamics of the sample. At delay-
times longer than Δt = 1.0 ps, the values of β agree with that of the uncorrelated beams without 
spatial overlap. The decrease in the contrast is comparable to those calculated from the result of 
inelastic X-ray scattering of water as shown in Fig. 4.45,46 This is the first time that the 
dependence of the speckle contrast on the delay-time was measured using an SDO system. On 
the other hand, we could not find a clear decaying behavior at Q = 3 Å−1 or higher, presumably 
due to the smaller number of photons and the additional decoherence at a higher Q, which will be 
addressed in a future study. 
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Discussion 
The estimated values of 𝑀+ depend on (1) the dynamics of the sample to be obtained, (2) 
the splitting ratio R, (3) the initial contrast, (4) the contrast reduction due to the experimental 
setting, and (5) the degree of decoherence between the two split pulses.20,22 In this letter, we did 
not include the data with |𝑅 − 0.5| > 0.025 to reduce the uncertainty with respect to (2). We can 
reasonably assume that the sample thickness involved in the scattering was constant because the 
shot-by-shot positional fluctuations of X-rays were small (Fig. 2c). Then, the effects of (3) and 
(4) can be expressed in terms of b, which was estimated to be 𝛽- = 0.23 ± 0.02 at 𝑄 = 2	Å)* by 
measuring the contrast with a single pulse using the fixed-delay branch. This value is consistent 
with the baseline value, because the baseline should be 𝛽-/2.20 Meanwhile, the result for dual 
pulses was 𝛽(𝑄, 𝛥𝑡 = 0) = 0.14, smaller than 𝛽-. This contrast reduction can be reasonably 
explained by the degree of decoherence between the sub-pulses. The angular mismatch between 
the sub-pulses,47 150 mrad, creates the positional difference between two speckles ~ 0.15 mm on 
the detector plane, thereby reducing the contrast from 0.23 to ~0.15. Remaining discrepancy 
could originate from shot-to-shot incomplete geometrical overlap of the sub-pulses.20 The 
relative positional fluctuations were inherently random as shown in the lower rows of Fig. 2c and 
cannot be monitored simultaneously during the X-ray SVS measurement. Including these effects 
in analyses to provide reasonable estimates of decoherence using more sophisticated approaches 
such as hierarchical models48 warrant future studies. The use of hierarchical models will also 
allow us to include the data with different R for the estimation, thereby significantly increasing 
the statistics. This will make it possible to extract meaningful information at higher Q and could 
facilitate the evaluation of femtoseconds to nanoseconds dynamics at the atomic scale. 
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Methods 
Self-seeded X-rays. We used an 8-GeV electron beam with a charge of 130 pC and ~10 fs 
duration for reflection self-seeding using a Si(220) microchannel-cut crystal monochromator at 
SPring-8 Angstrom Compact free-electron Laser (SACLA)18 as described in ref.36 Eight 
undulator segments were used to generate the SASE with average pulse energy of 80 µJ, and a 
channel-cut crystal monochromator was used to select a 10 keV radiation with a bandwidth of 
0.6 eV (FWHM). The X-ray was used as a seed, which was amplified by the 13 downstream 
undulator segments. 
 
Split–and-delay optics. A wavefront-division SDO using Si(220) crystals was used to split a 
single pulse into two sub-pulses with a delay time.31 The SDO system was installed 70 m 
downstream from the last undulator segment. Shot-to-shot noninvasive diagnostics of pulse 
energies for both branches were made using inline diagnostic modules. After propagating 
through the SDO, the pulse width of X-ray was ~8 fs, which was similar to that of SASE (6-8 fs). 
 
Experimental Setting. The experiment was carried out at BL3, SACLA (Japan). The exit beams 
from the SDO system were focused on a sample position with a focusing mirror system and hit a 
water jet. The diameter of the water jet was 50 μm, and the water temperature was 22 ˚C. A CCD 
was located 0.3 m downstream of the sample for monitoring the beam intensity and position in 
shot-by-shot. Scattering from the water was recorded using three MPCCDs with a pixel size of 
50 µm. The distance between the sample and the detector was 1 m. In this experimental setting, 
the speckle size on the detector plane is estimated to be 0.18 mm. As suggested by a recent 
study, an SDO with wavefront division has intrinsic reduction of speckle contrast due to the 
 9 
difference in the speckle position on the detector plane.47 In the current setting, the angular 
difference between two sub-pulses was expected to be 0.15 mrad, leading the differences in the 
speckle positions between two sub-pulses ~ 0.15 m on the detector plane, which corresponds to 
83 % of the speckle size. This angular mismatch would lead to a 74% decrease in speckle 
contrast. Because the contrast with a single pulse from the fixed-delay branch was 0.23 and that 
with uncorrelated beam was 0.12, the decreased contrast would be (0.23-0.12) × 0.26 + 0.12 = 
0.15, which is consistent with the measured values at Δt = 0 ps, considering a further decrease 
due to the relative positional fluctuation of the sub-pulses.  
 
Data availability 
Data supporting the findings of this study are available within the article or from the 
corresponding authors upon reasonable request. 
 
Figures 
 
Figure 1 | Experimental setting of XPCS using split-and-delay optics and reflection self-
seeding at BL3, SACLA.18 The seed pulse was produced by monochromatizing the SASE from 
the upstream undulator segments. Then the seed was amplified in the downstream undulators. 
The details are described in ref.36 The amplified X-ray pulse was split into two sub-pulses using 
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the SDO.31 The sub-pulses with a delay time Δt are focused by mirrors40 and hit the water jet. 
Scattered X-rays were recorded by the MP-CCDs.42 
 
Figure 2 | Statistics of self-seeded XFEL pulses after split–and–delay optics. a. A pulse 
energy distribution at sample position for 280,815 shots (red bar). The dashed line represents the 
best fit to a gamma distribution. b. A histogram of the split ratio R for 340,732 shots. The solid 
line represents the best fit to a Gaussian distribution for the average = 0.48 and the standard 
deviation = 0.15. c. A time-course of X-ray beam position at the sample position. The position of 
two X-ray pulses was shifted in the Y direction to distinguish them.  
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Figure 3 | X-ray scattering from water. The number of photons at each pixel per shot obtained 
by averaging 29,051 shots with Δt = 2.0 ps (red lines). The area around Q = 2.0 Å−1 was covered 
by a single MPCCD and that around Q = 3.0 Å−1 was covered by a dual MPCCD.42 The averaged 
incident pulse energy 〈𝐼'%'〉 was 7.3 µJ. The solid black line is the estimation of X-ray elastic 
scattering using the result of high-energy X-ray diffraction intensity profile,44 the thickness of 
sample, the X-ray energy, the size of pixel, and the average number of X-ray photon for a single 
shot. The dashed line is × 0.7 of the solid line. 
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Figure 4 | X-ray contrast obtained by maximum-likelihood estimation. (Circles) At Q = 2.00 
± 0.06 Å−1. (Triangles) At Q = 3.00 ± 0.04 Å−1. The solid line (Q = 2.00 ± 0.06 Å−1) and dot-
dashed line (Q = 3.00 ± 0.04 Å−1) represent the contrast measured when there was no overlap 
between two sub-pulses. The uncertainty was calculated using the second derivative of the log-
likelihood based on the approach in reference20 and the uncertainty for the solid and dot-dashed 
lines is represented by the shade. The dashed line and the dotted line are estimated by the result 
of inelastic X-ray scattering at Q = 2.00 Å−1 and 3.00 Å−1, respectively,45,46 where their 
amplitude was set by the XPCS result at Δt = 0. 
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